Abstract-Two new triple band small size composite-resonator microstrip antenna configurations for wireless communications are presented in this paper. The proposed antennas, each is built of three resonant elements. Two types of compact short-circuited resonators are used; stepped impedance and quarter-wave resonators. The design procedure based on composing the antenna resonators is straightforward and can be applied to design any triple band antenna at three pre-specified bands using simple relations and design curves. The resonator integration has been performed to maintain single feed, reduce the overall antenna size, and preserve the quality-performance at each band. The two designed antennas are simulated, optimized, and realized on RT/Duroid substrate to verify the concept. Simulation and experimental results are in good agreement and demonstrate the performance of both triple band compact antennas.
(UMTS; 1920-2170 MHz). Planar antennas are also very attractive for applications in communication devices for global poisoning system (GPS; 1575.24 MHz), and wireless local area network (WLAN) systems in the 2.4 GHz (2400-2484 MHz) and 5.2 GHz (5150-5350 MHz) bands.
In many applications, operation in two or more discrete bands is desired. The trend in the development of wireless personal communication systems has been in the pursuit of a single system that can accommodate the needs of all users. In such cases, a patch antenna capable of operating in multi-band is highly desirable. The design of compact multiple band microstrip antennas for wireless applications has recently received much attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Several PIFA configurations have been suggested for GSM/DCS/WLAN, 900/1800/2450 MHz bands in recent publications. A PIFA that consists of three separate short-circuited patches with a triple feed integrated in a compact structure is presented in [12] . Another PIFA structure has been designed in order to reduce the number of feeders used in the above case, and hence simplifies the structure and reduces the cost [13] . A meander patch PIFA structure has been suggested to use only single feed instead of triple or dual feeds as in the above two cases. Moreover, the structure uses two shorting pins. Branch line strip PIFA has also been proposed for triple band operation [14] . In that multilayer structure, two short-circuited branch strips are used. Single feed is located in an appropriate location to provide good matching at the three bands. These antenna strips are printed on FR4 substrate of thickness 3.2 mm and relative permittivity 4.4. Between the FR4 substrate and the ground plane there is another layer of air substrate of thickness 2.3 mm. Plastic posts are used to support the FR4 substrate on the ground plate. More recently, a triple-band omni-directional antenna which comprises three pairs of dipoles placed back to back and printed on a dielectric substrate has been suggested for WLAN applications [17] . Most of the above described contributions and other published work are based, generally, on experience intuition and trial and error schemes. Antenna design based on such methods will make the offered multiband-matched antenna configurations intricate to be directly-reproduced.
In this paper, a simple procedure to design triple band composite antenna-geometries based on multiple resonator integration is described. Two compact simple composite microstrip antenna configurations that operate at three different pre-selected frequencies are designed utilizing this outlined method. Each configuration consists of three resonant elements. Each resonator-element can be directly-designed separately at a specific frequency and, then, integrated in such a way that the structure maintains compact shape and good matching at the three distinct bands using a single feedprobe and single shorting-probe only. The first antenna structure is based on integration of reduced-size short-circuited stepped impedance resonators. The lumped element model driven from the transmission line theory can be used to predict the resonance frequencies of the stepped impedance elements as described in the next section. The second triple-band antenna configuration is a modified Eshaped compact configuration that uses simple uniform short-circuited quarter-wave resonator elements. The first antenna configuration is investigated in the next section and the second is presented in Section 3.
TRIPLE BAND ANTENNAS COMPOSED OF SHORT CIRCUITED STEPPED IMPEDANCE RESONATORS
A basic microstrip patch antenna is a resonant-type radiator so one of its dimensions must be approximately λ g /2, where λ g is the guided wavelength. The properties of the substrate, namely, its dielectric constant (ε r ) and its height play a fundamental role in the performance of the printed antenna. The size of an antenna based even on a quarter wavelength line is physically too large to be used at 900 MHz, especially when designed on low permittivity substrates to enhance bandwidth and efficiency. For this reason, usually, a shaped short circuit resonator such as short-circuited H-structure [18] or T-shape [19] is used for single frequency operation. As shown in Fig. 1 , the proposed triple-band antenna consists of three resonant elements. Two types of resonators are used in this structure. The first one is a short-circuited stepped impedance structure, and the second one is simply a bent uniform short circuited line. The stepped impedance resonator in Fig. 1(a) , designed to operate at the lower frequency, consists of two sections with physical lengths l 1 and l 2 and widths W 1 and W 2 . Moreover, the stepped impedance resonator in Fig. 1(b) , designed to operate at the higher frequency, consists of two sections with physical lengths l 3 and l 4 and widths W 3 and W 4 . The quarter wave resonator shown in Fig. 1(c) of 90 • effective electrical length will be designed to operate at the middle frequency. Its physical length and width are denoted by l 5 and W 5 , respectively. The lumped element model driven from the transmission line theory can be used to predict the resonance frequencies of the stepped impedance elements.
Lumped Circuit Equivalence of the Antenna Elements
A microstrip antenna resonator can be modeled as a resonant circuit. The simplest microstrip resonators are a half wavelength line opened at both ends and a quarter wavelength line opened at one end and short-circuited at the other end. The effective electrical length of any short circuited resonator is 90 degrees. The analysis and design of the stepped impedances resonators can be achieved using transmission line theory and their equivalent lumped element circuits. Referring to the stepped impedance resonator geometry shown in Fig. 1(a) , let the characteristic impedance of the narrower microstrip line to be Z 1 and its electrical length to be θ 1 . Similarly, let the characteristic impedance of the wider microstrip line to be Z 2 and its electrical length to be θ 2 . The discontinuity effect is included in calculating characteristic impedances of the microstrip lines. The transmission line equivalence of the short-circuited stepped impedance resonator element is shown in Fig. 2 . The lumped elements are calculated for each antenna using transmission line theory. The short-circuited line is equivalent to a lumped inductance as
where 
where
and Y 2 are the phase velocity and characteristic admittance (1/Z 2 ) of the wider lines. Combining (1) and (2) at the resonant frequency ω
at resonance, where K is the ratio of the line impedances; K = Z 2 /Z 1 . Equation (3) is utilized to plot θ 2 against θ 1 for different values of K in Fig. 3 . It is observed that, for a certain value of θ 1 , θ 2 decreases as K decreases resulting in a reduction of the total antenna size. The total electrical length of the antenna is given by θ t = θ 1 + θ 2 . For K = 1 (uniform resonator), the total electrical length is 90 • and the total length decreases as K decreases. Fig. 3 is a helpful tool for basic designs of each antenna element through judicial selection
of the K factor, and hence the selection of electrical lengths of the antenna arms [19] . The antenna physical dimensions l 1 , l 2 , W 1 , and W 2 , of the antenna element at the lower band and l 3 , l 4 , W 3 , and W 4 for the element at the higher frequency band can be calculated for specific frequencies of operation as will be described in the next section.
Composing the Stepped Impedance Triple-Band Antenna
The concept of composing components of this triple band antenna is illustrated in Fig. 1 . First, two L-shaped stepped impedance components are designed to operate at 900/1800 MHz GSM/DCS1800 bands [20] . Thereafter, a third resonant element is added for operation at the third band of 1500 MHz (GPS band). RT/Duroid dielectric substrate with ε r = 2.2 and thickness, h = 1.57 mm is used to demonstrate the design concept. The width of the narrow line is chosen to be 4 mm for both elements to avoid degradation of the antenna efficiency and the width of the wider line is selected for a suitable value of the impedance ratio K to achieve antenna size reduction and concurrently to maintain the validity of transmission line analysis of the resonators. We choose W 2 = W 4 = 10 mm to provide a suitable radiation aperture at the 900/1800 MHz bands. The characteristic impedances corresponding to these dimensions are Z 1 = Z 3 = 56.5 Ω and Z 2 = Z 4 = 29.5 Ω giving a K value of 0.52. For the inverted Lshaped element, in Fig. 1(a) , that operates at the lower band, either Equation (3) or Fig. 3 can be used for direct element design. This indicates that for θ 1 = 32 • , θ 2 is 40 • for that element. The physical size of this structure, calculated at 900 MHz considering discontinuity effects, are l 1 = 18 mm and l 2 = 28 mm.
To demonstrate the antenna performance, simulation results of the input return loss (S 11 ), using a full electromagnetic (EM) simulator, are given in Fig. 4 . The simulated resonance frequency at the lower band is 907 MHz. For good matching, a probe feed of radius 0.5 mm is located 1.8 mm from the shorting post of 0.5 mm radius. Similar steps are used to design the L-shaped antenna element to operate at 1.8 GHz. The same line widths are used and the electrical lengths are obtained from either shown in the inset of Fig. 6 . It is noted that locating the shorting post at the edge of both elements, almost, eliminates the mutual loading of one element on the other. Matching is also observed for the composite structure since matching depends mostly on the relative distance between the feeder and the short circuit. The simulation result of the composite antenna structure is shown in Fig. 6 . The lower and higher resonances occurs at f L = 907 MHz and f H = 1800 MHz, respectively. Slight changes in resonance frequencies are observed after integration. A further third resonator-element is essential for 1500 MHz operation. A simple short-circuited quarter wave resonator is added as shown in Fig. 7 . This element is integrated in such a manner that the existing shorting post is utilized and positioned in the proper location in order to minimize the loading effect on the main dual band antenna. The simulated results are shown in Fig. 8 . A little shift in resonance frequencies with respect to the dual band antenna of Fig. 6 is observed. The lower resonance frequency only shifted from 907 to 914 MHz. However the higher resonance shifted from 1800 to 1734 MHz. The frequency shift can be easily readjusted by simple increase or decrease in the lengths of the corresponding arms. For example, the higher frequency is readjusted to 1803 MHz by decreasing l 4 from 17.5 mm to 16.5 mm. The lower frequency resonance is moved to 905 MHz by increasing l 2 from 28 to 28.5 mm. Further adjustment of the third resonator-element length is required to optimize the tripleband composite antenna performance.
TRIPLE BAND COMPACT MODIFIED E-SHAPED ANTENNAS
The second triple band antenna proposed in this paper is consisted of three short circuited resonant elements integrated using the same approach described in the previous section. In this composite antenna, the three resonant elements are simple bent uniform lines that are integrated as shown in Fig. 9 . The resulted composite configuration 
BANDWIDTH ENHANCEMENT OF THE COMPOSITE ANTENNA STRUCTURES
One of the most effective techniques for improving the bandwidth of compact antennas is chip-resistor loading but at the expense of the antenna efficiency and gain [21] [22] [23] . Designs of a chip-resistor loaded single-band MSAs fed using a probe or inset microstrip lines have been reported [21, 22] . The bandwidth of the triple band antenna configuration of Fig. 7 have been enhanced by replacing the shortcircuit post by a resistive post. However, feeder adjustment for simultaneously matching the three bands must be carried out carefully. Also, the antenna dimensions have been slightly optimized in order to preserve the same resonance frequencies. The final structure has been designed with a 2 Ω resistive post with the feeder moved 5 mm away from the resistive post. The bandwidths at the resonance frequencies, determined from 1 : 2.5 VSWR or about 7.3 dB return loss, are of about 40 MHz (about 4.4%), 14 MHz (about 0.9%), and 80 MHz (about 4.4%), respectively. For the modified E-shaped antenna structure shown in Fig. 9 , a 1.5 Ω resistance is inserted instead of the short circuit. The feeder is appropriately located at 7 mm distance from the resistive post in order to maintain matching at the three bands. The three frequency bands, determined from 1 : 2.5 VSWR or about 7.3 dB return loss, have impedance bandwidths of about 50 MHz (about 5.6%), 20 MHz (about 1.3%), and 46 MHz (about 2.4%), respectively.
With the above mentioned bandwidth remedy, it is estimated that the antenna gain will be approximately 1.5 dB lower than that of the short circuited patch; that is the bandwidth enhancement is at some expense of antenna gain [22] .
RADIATION CHARACTERISTICS
To examine the radiation of the composite triple band antenna structures, the radiation pattern and coexisting current distribution of the triple band modified E-shaped antenna of Fig. 7 are depicted in Fig. 11 to Fig. 13 . The studied far field radiation patterns E θ at φ = 0 • and 90 • and current distribution at the three 900 MHz, 1500 MHz, and 1800 MHz bands show that: (1) the current in each branch dominates only at the resonance frequency of the branch element, (2) the three radiations patterns at the three bands are similar to each other and are even patterns, with less than 9 dB level variations, which is appropriate for mobile handset applications. The radiation results of the stepped impedance triple band antenna structure are very similar to that shown above. Typical antenna structures in handheld mobile sets are commonly realized on air substrates with considerable heights. Thick low permittivity substrates physically enhance the efficiency and bandwidth of printed antennas.
EXPERIMENTAL VALIDATION
In order to verify the design approach presented in this paper, the modified E-shaped antenna shown in Fig. 9 is implemented on the same RT/Duroid substrate used in the theoretical study. The measurements have been performed using Vector network Analyzer. The measured results are shown in Fig. 14 . Good agreement between the simulated and the measured results is observed. The measured resonance frequencies are 884 MHz, 1460 MHz, and 1867 MHz. The first and third resonance frequencies are very close to that obtained by the simulated results. However, a 46 MHz frequency shift is noticed at the second frequency. This shift can be easily adjusted by slightly decreasing the length of branch 3. The matching performance is quite good but less than the simulated values, especially at the second resonance, 1460 MHz. This is attributed to the limited accuracy of the available feed mounting tools.
CONCLUSION
Two new triple band compact microstrip antenna structures for wireless communications have been investigated. The proposed antenna configurations, each is the integration of three resonant elements designed separately at three pre-specified bands. The outlined design approach is simple and can be applied to design any triple band antenna at three pre-specified bands on any suitable substrate. The resonator integration has been performed to reduce the overall antenna size and maintain the performance of each element. The composed three resonators share single common feed and shortcircuit probe. Basic triple-band antenna designs are performed using simple curves and formulas for compact short-circuited stepped impedance and quarter-wave resonators. The designed antennas are simulated using a full wave EM simulator and then realized on RT/Duroid dielectric substrate material with 2.2 relative permittivity and 1.57 mm thickness. The design concept and the performance of the presented composite compact triple-band antennas are verified by simulation and measurements.
